Introduction {#s1}
============

Although forced expiratory volume in 1 s (FEV~1~) is an independent predictor of death, and morbidity in general populations \[[@C1]\] and severity of airflow limitation in chronic obstructive pulmonary disease (COPD) is determined by it \[[@C2], [@C3]\], recent studies covering change of FEV~1~ in general populations are scarce and there are no previous studies reporting findings for subjects aged \>90 years \[[@C4]\]. Furthermore, it is unclear whether the rate of lung function decline increases with high age or whether it remains unaffected by ageing \[[@C1], [@C4]--[@C7]\]. In addition, the importance of other risk factors besides smoking is becoming increasingly clear, with female sex \[[@C1], [@C4], [@C8]\] and socioeconomic status \[[@C9]\] linked to poor lung function and increased lung function decline. C-reactive protein (CRP), a biomarker for inflammation, has been linked to increased lung function decline in an elderly population \[[@C4]\]. Occupational category as well as exposure to dusts, gases and fumes have been linked to increased lung function decline and respiratory symptoms in younger general populations \[[@C10]--[@C12]\], but the long-term effects of occupation have not been studied in populations that are past retirement age. In light of this, more studies on the effects of sex, socioeconomic status and occupational exposure on lung function have been requested by the European Respiratory Society \[[@C13]\]. There is no consensus as to what is the appropriate measure of change. Modelling change relatively has been proposed as an alternative to an absolute model of change \[[@C14]--[@C16]\].

We used 13-year follow-up data of subjects aged 60--102 years from the general population cohort study Good Aging in Skåne (GÅS) in order to assess the rates of absolute and relative change in FEV~1~ and forced vital capacity (FVC) and how they are affected by the aforementioned characteristics \[[@C17]\].

We hypothesised that the rate of absolute and relative lung function decline is increased with higher age, active smoking habits, low educational level, high-risk occupations, high CRP and with female sex. As a secondary aim, we examined the influence of comorbidities previously linked to poor lung function or increased lung function decline.

Methods {#s2}
=======

Study design and participants {#s2a}
-----------------------------

This study is part of the ongoing longitudinal GÅS study, which in turn is part of the Swedish National Study on Aging and Care (SNAC). These have been described previously \[[@C17]--[@C19]\]. In short, GÅS includes subjects randomly selected from the Swedish municipality register of the rural and urban general population of the southern Swedish province of Skåne. Two separate random selections of participants were made: cohort I, aged 60--95 years at baseline, with baseline examinations in 2001; and cohort II, aged 60--81 years at baseline, with baseline examinations in 2006. The overall response rate was 63%. The study designs for the two cohorts were identical, with subjects aged \<80 years invited for follow-up examination every six years, and subjects aged ≥80 years every 3 years. To date, three examinations involving cohort I participants aged \<80 years are completed. The corresponding numbers for cohort I participants aged ≥80 years, cohort II participants aged \<80 years and cohort II participants ≥80 years are five, two and three examinations, respectively.

All examinations were performed according to the same protocol with the same data collected on each occasion. Assessments consisted of questionnaires, physical examinations, spirometry and blood sampling as detailed later. The assessments were performed on one, or in some cases two consecutive days at the research clinic or at the subject\'s home or in sheltered housing. Making home calls was a deliberate strategy to reduce selection bias due to morbidity and frailty.

The inclusion criterion was at least one acceptable spirometry according to American Thoracic Society (ATS) criteria \[[@C20]\].

Definition of variables and subgroups {#s2b}
-------------------------------------

Subjects filled out a self-report questionnaire regarding their history of smoking habits, alcohol consumption and medical history. Subjects uncertain of their medical history had their medical records reviewed by a physician. A nurse recorded height, weight, timed get-up-and-go test (TUG) and time required to walk 15 m at subjects' maximum speed. TUG was defined as time required to getting up from a straight-backed armchair, walking 3 m and returning to a seated position. Shoes and walking aids were allowed. Maximum handgrip strength was measured using an electronic gauge (Grippit; AB Detektor, Goteborg, Sweden) \[[@C21]\]. Smoking habits were categorised as current smokers, ex-smokers or never-smokers. We used the attained level of education as a marker of socioeconomic status. Educational level was categorised as low (did not complete elementary school or equivalent), medium (completed elementary school) or high (≥1 year of post-elementary school education). Subjects were asked how many times per month they consume alcohol and how many glasses they consumed on a typical occasion; the product of these numbers was used as an approximation of monthly alcohol consumption measured in glasses per month. Occupations were coded according to the Swedish standard for occupational classification (SSYK 96). Three out of the 10 SSYK 96 main categories were identified as potential risk occupations. These categories were "farming, forestry and gardening", "construction and manufacturing" and "unqualified work". The first two due to possible exposure to dusts and fumes. Unqualified work was identified as a potential risk occupational category by representing low socioeconomic status. The remaining categories (managerial occupations, theoretical specialty competency, shorter college education, office work, customer service, nursing and sales, process and machine operators and military) were merged into a reference category. In order to identify cognitive impairment, a Mini Mental State Examination (MMSE) was conducted \[[@C22]\].

Spirometry {#s2c}
----------

Five specially trained and highly experienced nurses performed the spirometries. The tests were performed using the Vitalograph model 2120 spirometer using Spirotrac IV software (Vitalograph, Buckingham, UK). The spirometry, including daily calibration, was performed according to ATS guidelines \[[@C20]\] at all examinations with the exception that a bronchodilator was not administered at baseline for cohort I. At all other examinations subjects received 1.0 mg of β~2~-receptor agonist terbutaline 10 min prior to the spirometry. In addition, only one acceptable manoeuvre was required for inclusion in the study sample. The motivation was to avoid introducing selection bias among the very old, who may not be able to perform multiple manoeuvres \[[@C23]\]. The Spirotrac software offers built in ATS test quality criteria with automatic feedback to the technician as a guidance when interpreting the quality of the spirometry. Up to a maximum of eight consecutive breathing manoeuvres were performed with the goal of completing at least three acceptable curves. Reproducibility criteria was used as an indication of whether more manoeuvres were necessary and not a basis for exclusion of subjects \[[@C20]\]. The same spirometer was used at all examinations, including when the test was performed away from the research clinic. FEV~1~ and FVC were analysed.

Statistical analysis {#s2d}
--------------------

For each participant, we identified examinations with nonmissing FEV~1~ and FVC measurements that were 5.5--6.5 years apart. With a follow-up time of 13 years this means that each subject may contribute with one or two separate trajectories. The absolute outcome was the change in mL per year (calculated by subtracting the initial measurement from the follow-up measurement and dividing the result by the time between examinations). The relative outcome was constructed in the same way using logarithms of lung volumes rather than the volumes themselves. The multivariate models of change were modelled in repeated measurement models adjusted for sex \[[@C1], [@C4]\], smoking habits \[[@C7]\], heart failure \[[@C24]\], hypertension \[[@C25]\], diabetes \[[@C25]\], coronary heart disease \[[@C6]\], socioeconomic status \[[@C1], [@C4], [@C6]\], occupation \[[@C10]--[@C12]\], alcohol consumption \[[@C6]\], CRP \[[@C4], [@C26]\] and body mass index (BMI) \[[@C27], [@C28]\] (at the initial examination). The covariates included in the statistical analyses were all chosen *a priori*, *i.e.* no form of data-driven covariate selection process was applied. Crude estimates of relative change per year and corresponding least squares means for an ideal population were computed in order to facilitate the interpretation of results; further details can be found in the [supplementary material](http://erj.ersjournals.com/lookup/doi/10.1183/13993003.01812-2017.figures-only#fig-data-supplementary-materials). If covariate information was missing but available at an earlier or later examination, we used these values in order to reduce the number of excluded subjects (if information was available at both an earlier and later examination we used data from the earlier one). Additional analyses to estimate the significances of age--CRP interaction and sex--smoking interaction were conducted (with interaction terms added to the full model). To analyse which factors increased the risk of being excluded from the analyses, we conducted logistic regressions adjusted for the factors of interest (one at a time), age and sex with "participation with less than two spirometries" as outcome. The 2012 Global Lungs Initiative (GLI) and National Health and Nutrition Examination Survey (NHANES) III reference equations were used to calculate z-scores \[[@C29], [@C30]\]. The GLI-2012 SAS macro version 2 was used to calculate the GLI z-scores \[[@C31]\]. In analysis using z-scores, GLI z-scores were used unless otherwise stated. For subjects aged \>95 years GLI equations were truncated by setting age to 95 years. To illustrate the relevance of functional status as a marker of frailty and its association with poorer lung function, these covariates (walking speed, TUG and grip strength) were added separately to the full model. In addition, they were analysed in the total population for estimation of effects on FEV~1~ and FVC GLI z-scores. FEV~1~ was also expressed as FEV~1~ quotient (Q), the number of remaining turnovers for the estimated lowest sex-specific survivable FEV~1~ \[[@C32]\]. Trajectories with bronchodilation at first spirometry and those without were analysed separately to estimate whether they differed in outcome and significance pattern of risk factors. Since there was no *a priori* suspicion of disease the lower limit of normal (LLN) was defined as a z-score \<−1.96 \[[@C33]\], which is the lower 2.5th percentile. Further details regarding the statistical analyses can be found in the [supplementary material](http://erj.ersjournals.com/lookup/doi/10.1183/13993003.01812-2017.figures-only#fig-data-supplementary-materials).

Statistical software {#s2e}
--------------------

All analyses and figures were performed using SAS 9.3 (SAS, Cary, NC, USA) and RStudio (version 0.99.482; RStudio, Boston, MA, USA)

Ethics {#s2f}
------

The study was approved by the regional ethics committee of Lund University (2002; registration number LU 744-00) and all participants or carers provided written consent.

Results {#s3}
=======

Participants {#s3a}
------------

[Table 1](#TB1){ref-type="table"} presents subject characteristics according to level of participation. Out of the 7611 invited, 57% were female and mean age was 72 years. In total 6932 spirometries were performed. After invalid values were removed, 6837 FEV~1~ and 6874 FVC manoeuvres remained. The number of longitudinal trajectories are displayed in [tables 3, 4, S1 and S2](http://erj.ersjournals.com/lookup/doi/10.1183/13993003.01812-2017.figures-only#fig-data-supplementary-materials). Age and smoking habit specific FEV~1~, FVC, FEV~1~/FVC ratio and FEV~1~Q for the total population are presented in [table 2](#TB2){ref-type="table"} together with GLI-2012 z-scores. NHANES III z-scores are available in the [supplementary material](http://erj.ersjournals.com/lookup/doi/10.1183/13993003.01812-2017.figures-only#fig-data-supplementary-materials). The number of longitudinal trajectories are displayed in [tables 3](#TB3){ref-type="table"}, [4](#TB4){ref-type="table"}, [S1](https://erj.ersjournals.com/content/early/2018/12/14/13993003.01812-2017.figures-only#fig-data-supplementary-materials) and [S2](https://erj.ersjournals.com/content/early/2018/12/14/13993003.01812-2017.figures-only#fig-data-supplementary-materials). Across the study period the youngest participant was aged 60 years and the oldest was aged 102 years at the time of examination. At baseline, 4.5% of subjects who completed at least two spirometry visits had a FEV~1~/FVC ratio below the GLI-2012 LLN. The proportion of z-scores below the GLI-2012 LLN for FEV~1~ and FVC were 8.2% and 9.9%, respectively. The proportions for NHANES z-scores below the LLN were 2.1% for the FEV~1~/FVC ratio, 1.9% for FEV~1~ and 1.8% for FVC. Among 387 never-smokers the proportions of GLI-2012 z-scores below the LLN were 3.9% for the FEV~1~/FVC ratio, 6.2% for FEV~1~ and 8.8% for FVC. The proportions below the NHANES III LLN were 2.3% for the FEV~1~/FVC ratio, 2.3% for FEV~1~ and 2.1% for FVC.

###### 

Baseline characteristics according to study participation

                                        **All participants main study**   **Number of registered visits with acceptable spirometry**                                                          
  ------------------------------------ --------------------------------- ------------------------------------------------------------ ------------- ------------- ------------- ------------- ------------
  **Subjects n**                                     4454                                            718                                  1513          1442           627           116           38
  **Female sex**                                     55.8                                            56.6                                 55.7          55.6          54.7          58.6          65.8
  **Age years**                                    70.6±10.6                                      68.7±10.9                             72.0±11.2     68.9±9.9      71.7±10.2     75.0±4.3      80.1±2.7
  **Weight kg**                                    75.8±15.3                                      76.1±17.3                             75.6±16.0     76.1±14.1     76.5±14.7     74.8±15.4    72.8±11.0
  **Height cm**                                    167.5±9.8                                      167.5±10.8                            166.8±9.7     168.2±9.5     168.1±9.5    166.2±10.1    164.7±8.3
  **BMI kg·m^−2^**                                 26.9±4.5                                        27.1±5.0                             26.9±4.8      26.8±4.2      27.0±4.3      27.0±4.4      26.8±3.4
  **FEV**~**1**~ **L**                             2.37±0.86                                          NA                                2.18±0.87     2.51±0.85     2.48±0.80     2.37±0.73    2.36±0.73
  **FEV**~**1**~ **z-score^\#^**                   −0.42±1.2                                          NA                               −0.67±1.29     −0.32±1.1     −0.25±1.2    −0.16±0.92     0.36±1.2
  **FVC z-score^\#^**                              −0.59±1.2                                          NA                                −0.83±1.2     −0.47±1.1     −0.45±1.2    −0.34±0.91    −0.06±1.1
  **FEV**~**1**~**/FVC z-score^\#^**               0.25±1.3                                           NA                                0.20±1.4      0.23±1.3      0.36±1.3      0.28±0.89    0.61±0.95
  **Social characteristics**                                                                                                                                                                  
   Current smokers                                   17.3                                            21.2                                 19.5          16.4          13.2           6.0          2.6
   Alcohol glasses per month                       7.6±12.4                                        9.1±15.7                             6.5±11.1      8.3±12.7      7.7±12.1       5.2±7.4      3.6±4.8
   Low socioeconomic status                           3.1                                            3.5                                   3.5           2.8           2.9           2.6          2.6
  **Morbidity**                                                                                                                                                                               
   Hypertension                                      30.4                                            32.1                                 35.7          26.4          26.0          26.7          31.6
   Type II diabetes                                   7.3                                            8.9                                   9.0           6.0           5.6           4.3          5.3
   Heart failure                                      7.6                                            5.7                                  11.0           6.7           4.3           2.6          10.5
   Coronary heart disease                            16.4                                            15.7                                 19.4          13.6          16.6          16.4          7.9
  **Frailty markers**                                                                                                                                                                         
   Time to walk 15 m s                              9.6±3.3                                        9.1±4.3                              10.1±3.8       9.6±2.5       9.6±2.5       9.5±1.9      9.9±1.7
   TUG s                                            8.5±4.7                                        8.4±5.9                               9.3±5.5       7.9±3.0       7.9±3.0       7.8±1.8      7.9±1.4
   Grip strength N                                                                               290.8±126.4                           267.0±696.0   287.4±133.4   280.6±118.6   255.5±101.8   232.8±93.2
  **Biomarkers**                                                                                                                                                                              
   Anaemia^¶^                                         9.1                                            11.9                                 13.7           6.3           6.8           4.4          8.3
   CRP \>20%                                          3.1                                            2.8                                   4.2           2.3           2.9           2.6           0
  **Cognition**                                                                                                                                                                               
   MMSE \<24%                                        18.7                                            39.0                                 23.5           9.4           8.6           5.2          7.9

Data are presented as mean±[sd]{.smallcaps} or %, unless otherwise stated. BMI: body mass index; FEV~1~: forced expiratory volume in 1 s; FVC: forced vital capacity; TUG: timed get-up-and-go test; CRP: C-reactive protein; MMSE: Mini Mental State Examination. ^\#^: Global Lung Initiative-2012 z-score; ^¶^: according to the sex-specific reference levels of the local laboratory.

###### 

Lung volumes, forced expiratory volume in 1 s quotient (FEV~1~Q) and Global Lung Initiative (GLI)-2012 z-scores for ages 60--102 years

                                                    **Age years**              **Examinations n**                                                                 
  ----------------------------------------- ----------------------------- ---------------------------- ----------------------------- ---------------------------- ------
  **FEV**~**1**~ **L**                                                                                                                                            
   Male                                       3.24 (3.19--3.29) (1166)      2.76 (2.71--2.80) (872)       2.27 (2.22--2.32) (838)      1.98 (1.88--2.09) (147)     3023
   Female                                     2.29 (2.25--2.32) (1260)      1.92 (1.89--1.95) (984)      1.55 (1.52--1.58) (1226)      1.29 (1.23--1.34) (344)     3814
  **FVC L**                                                                                                                                                       
   Male                                       4.12 (4.06--4.18) (1165)      3.59 (3.53--3.65) (874)       2.94 (2.89--3.01) (849)      2.61 (2.46--2.74) (148)     3036
   Female                                     2.93 (2.90--2.97) (1261)      2.51 (2.47--2.55) (989)      2.01 (1.97--2.04) (1240)      1.68 (1.61--1.74) (348)     3838
  **FEV**~**1**~**/FVC ratio**                                                                                                                                    
   Male                                       0.79 (0.78--0.80) (1165)      0.77 (0.76--0.78) (871)       0.77 (0.76--0.78) (838)      0.77 (0.75--0.79) (147)     3021
   Female                                     0.78 (0.78--0.79) (1260)      0.77 (0.76--0.77) (984)      0.78 (0.77--0.78) (1226)      0.77 (0.76--0.78) (344)     3814
  **FEV**~**1**~ **GLI-2012 z-score**                                                                                                                             
   Male                                      −0.28 (−0.36--−0.21) (1162)   −0.40 (−0.49--−0.31) (871)   −0.62 (−0.72--−0.52) (834)    −0.67 (−0.87--−0.46) (147)   3014
   Female                                    −0.34 (−0.41--−0.26) (1259)   −0.40 (−0.48--−0.32) (983)   −0.52 (−0.61--−0.44) (1219)   −0.77 (−0.92--−0.61) (341)   3802
  **FVC GLI-2012 z-score**                                                                                                                                        
   Male                                      −0.47 (−0.54--−0.40) (1161)   −0.58 (−0.66--−0.50) (873)   −0.92 (−1.01--−0.83) (845)    −0.97 (−1.20--−0.74) (148)   3027
   Female                                    −0.34 (−0.41--−0.28) (1260)   −0.39 (−0.46--−0.32) (988)   −0.64 (−0.72--−0.56) (1233)   −0.90 (−1.05--−0.75) (345)   3826
  **FEV**~**1**~**/FVC GLI-2012 z-score**                                                                                                                         
   Male                                       0.35 (0.27--0.43) (1161)      0.21 (0.12--0.30) (870)       0.32 (0.21--0.42) (834)      0.32 (0.12--0.53) (147)     3012
   Female                                    0.00 (−0.079--0.08) (1259)    −0.077 (−0.16--0.00) (983)    0.18 (0.10--0.27) (1219)      0.17 (0.03--0.31) (341)     3802
  **FEV**~**1**~**Q**                                                                                                                                             
   Male                                       6.53 (6.45--6.61) (1166)      5.53 (5.45--5.62) (872)       4.60 (4.51--4.68) (838)      3.99 (3.79--4.18) (147)     3023
   Female                                     5.75 (5.69--5.82) (1260)      4.81 (4.74--4.88) (984)      3.92 (3.86--3.98) (1226)      3.31 (3.20--3.42) (344)     3814

Data are presented as z-score (95% CI) (n), unless otherwise stated. Presented results are from repeated measurements models containing intercepts only. All z-scores are calculated from the GLI-2012 reference equations. FEV~1~: forced expiratory volume in 1 s; FVC: forced vital capacity.

###### 

Individually calculated absolute forced expiratory volume in 1 s (FEV~1~) change

                          **Baseline FEV**~**1**~ **L**   **Crude FEV**~**1**~ **absolute decline mL per year (95% CI)**   **Adjusted (LSM) FEV**~**1**~ **absolute change**   **Trajectories**                                 
  ---------------------- ------------------------------- ---------------------------------------------------------------- --------------------------------------------------- ------------------ ---------------------- ------- ------
  **Sex**                                                                                                                                                                                                                       
   Male                             3.09±0.69                                  −49.1 (−53.0--−45.1)                                      −51.7 (−57.0--−41.9)                                     −55.2 (−67.5--−42.9)           715
   Female                           2.13±0.53                                  −38.3 (−41.9--−34.7)                                      −40.9 (−45.8--−36.1)                      \<0.0001       −48.3 (−60.6--−35.9)   0.018   844
  **Age years**                                                                                                                                                                                                                 
   60--69                           2.83±0.74                                  −41.7 (−45.3--−38.0)                                      −42.8 (−46.3--−39.2)                                     −47.6 (−59.8--−35.3)           839
   70--79                           2.48±0.71                                  −46.9 (−52.7--−41.1)                                      −48.4 (−54.2--−42.6)                        0.10         −54.3 (−67.1--−41.6)   0.061   339
   80--89                           2.12±0.62                                  −42.9 (−48.8--−37.0)                                      −44.7 (−50.7--−38.7)                        0.57         −49.7 (−62.2--−37.2)   0.57    325
   90--102                          1.74±0.55                                  −46.5 (−60.8--−32.2)                                      −49.4 (−63.7--−35.3)                        0.37         −55.4 (−72.9--−37.8)   0.29     56
  **Smoking habits**                                                                                                                                                                                                            
   Current smoker                   2.45±0.75                                  −47.0 (−54.4--−39.5)                                      −50.3 (−58.0--−42.6)                                     −56.9 (−70.2--−43.4)           224
   Ex-smoker                        2.67±0.75                                  −41.2 (−45.5--−36.8)                                      −42.2 (−47.4--−37.0)                       0.039         −47.9 (−60.2--−35.5)   0.03    661
   Never-smoker                     2.50±0.80                                  −44.0 (−48.4--−39.7)                                      −46.4 (−51.2--−41.7)                        0.32         −50.5 (−63.0--−37.9)   0.13    674
  **Hypertension**                                                                                                                                                                                                              
   Yes                              2.44±0.75                                 −44.4 (−−49.4--−39.3)                                                                                                −53.7 (−66--−41.4)            452
   No                               2.62±0.78                                  −42.8 (−46.0--−39.5)                                                                                               −49.8 (−62.2--−37.3)   0.20    1107
  **Diabetes type II**                                                                                                                                                                                                          
   Yes                              2.48±0.75                                  −44.3 (−55.9--−32.8)                                                                                               −51.0 (−66.1--−35.9)            98
   No                               2.58±0.78                                  −43.2 (−46.2--−40.2)                                                                                               −52.5 (−63.5--−41.4)   0.80    1461
  **CHD**                                                                                                                                                                                                                       
   Yes                              2.38±0.75                                  −42.4 (−50.2--−34.6)                                                                                               −51.2 (−64.3--−38.1)           195
   No                               2.60±0.78                                  −43.4 (−46.3--−40.4)                                                                                               −52.2 (−64.6--−39.9)   0.82    1364
  **Heart failure**                                                                                                                                                                                                             
   Yes                              2.01±0.57                                  −40.5 (−54.9--−26.1)                                                                                               −52.7 (−68.5--−36.9)            65
   No                               2.59±0.77                                  −43.4 (−46.3--−40.4)                                                                                               −50.8 (−62.1--−39.6)   0.79    1494
  **BMI kg·m**^−2^                                                                                                                                                                                                              
   \<20                             2.28±0.79                                  −37.5 (−57.8--−17.3)                                                                                               −54.1 (−78.9--−29.2)   0.80     29
   20--24.99                        2.58±0.80                                  −46.4 (−51.3--−41.5)                                                                                               −57.1 (−68.9--−45.2)           491
   25--35                           2.58±0.77                                  −42.8 (−46.3--−39.3)                                                                                               −51.4 (−62.3--−40.4)   0.062   956
   \>35                             2.47±0.66                                  −32.0 (-44.0--−20.1)                                                                                               −44.4 (−58.5--−30.3)   0.041    83
  **Occupation**                                                                                                                                                                                                                
   Low risk                         2.56±0.76                                  −42.7 (−45.7--−39.7)                                                                                               −49.7 (−61.1--−38.3)           1280
   Farming *etc*.                   2.34±0.74                                  −42.3 (−57.9--−26.7)                                                                                               −50.1 (−68.6--−31.6)   0.96     46
   Unqualified work                 2.09±0.69                                  −37.0 (−49.3--−24.8)                                                                                               −49.3 (−64.9--−33.7)   0.96     75
   Construction *etc.*              2.96±0.74                                  −50.3 (−58.7--−41.9)                                                                                               −57.8 (−71.9--−43.7)   0.08    158
  **Education**                                                                                                                                                                                                                 
   Low                              2.18±0.66                                  −46.4 (−62.1--−30.7)                                                                                               −57.8 (−76.5--−33.9)            46
   Intermediate                     2.51±0.77                                  −41.3 (−44.5--−38.1)                                                                                               −44.9 (−55.8--−34.0)   0.12    1103
   High                             2.78±0.76                                  −48.2 (−53.4--−42.9)                                                                                               −52.4 (−64.9--−40.0)   0.53    410
  **All**                           2.57±0.78                                  −43.2 (−45.9--−40.6)                                      −46.3 (−50.8--−41.9)                                     −51.7 (−63.7--−39.8)           1559

Data are presented as mean±[sd]{.smallcaps} or n, unless otherwise stated. Basic model is adjusted for the categorical variables age, sex and smoking status. The full model is additionally adjusted for the categorical variables hypertension, coronary heart disease (CHD), heart failure, diabetes type II, occupation, body mass index (BMI), education and the continuous variables C-reactive protein and alcohol consumption. Values used for least squares means (LSM) calculations were alcohol consumption 8.4 glasses per month and CRP 5.4 mg·L^−1^. Missing values for covariates resulted in the exclusion of 25 trajectories.

###### 

Individually calculated relative forced expiratory volume in 1 s (FEV~1~) change

                          **Baseline FEV**~**1**~ **L**   **Crude FEV**~**1**~ **relative change % per year (95% CI)**   **Adjusted (LSM) FEV**~**1**~ **relative change**   **Trajectories**                                    
  ---------------------- ------------------------------- -------------------------------------------------------------- --------------------------------------------------- ------------------ ---------------------- ---------- ------
  **Sex**                                                                                                                                                                                                                        
   Male                             3.09±0.69                                 −1.80 (−1.99--−1.61)                                     −2.28 (−2.53--−2.02)                                     −276 (−3.34--−2.18)               715
   Female                           2.13±0.53                                 −2.07 (−2.24--−1.89)                                     −2.51 (−2.75--−2.28)                       0.055         −3.18 (−3.76--−2.60)    0.0020    844
  **Age years**                                                                                                                                                                                                                  
   60--69                           2.83±0.74                                 −1.64 (−1.82--−1.47)                                     −1.74 (−1.91--−1.57)                                     −2.31 (−2.89--−1.73)              839
   70--79                           2.48±0.71                                 −2.14 (−2.41--−1.86)                                     −2.26 (−2.53--−1.98)                       0.0016        −2.90 (−3.50--−2.30)    0.0005    339
   80--89                           2.12±0.62                                 −2.35 (−2.64--−2.07)                                     −2.47 (−2.76--−2.18)                      \<0.0001       −2.98 (−3.57--−2.39)    0.0001    325
   90--102                          1.74±0.55                                 −3.00 (−3.67--−2.32)                                     −3.10 (−3.78--−2.42)                       0.0001        −3.68 (−4.50--−2.85)   \<0.0001    56
  **Smoking habits**                                                                                                                                                                                                             
   Current smoker                   2.45±0.75                                 −2.23 (−2.59--−1.87)                                     −2.78 (−3.15--−2.41)                                     −3.41 (−4.03--−2.78)              224
   Ex-smoker                        2.67±0.75                                 −1.79 (−2.00--−1.58)                                     −2.18 (−2.43--−1.93)                       0.0015        −2.76 (−2.34--−2.17)    0.0009    661
   Never-smoker                     2.50±0.80                                 −2.00 (−2.21--−1.80)                                     −2.23 (−2.46--−2.00)                       0.0038        −2.74 (−3.33--−2.15)    0.0008    674
  **Hypertension**                                                                                                                                                                                                               
   Yes                              2.44±0.75                                 −2.06 (−2.30--−1.81)                                                                                              −3.04 (−3.62--−2.46)              452
   No                               2.62±0.78                                 −1.90 (−2.06--−1.75)                                                                                              −2.90 (−3.48--−2.31)     0.33     1107
  **Diabetes type II**                                                                                                                                                                                                           
   Yes                              2.48±0.75                                 −2.02 (−2.57--−1.46)                                                                                              −3.02 (−3.73--−2.31)               98
   No                               2.58±0.78                                 −1.94 (−2.09--−1.80)                                                                                              −2.92 (−3.48--−2.31)     0.71     1461
  **CHD**                                                                                                                                                                                                                        
   Yes                              2.38±0.75                                 −2.11 (−2.48--−1.73)                                                                                              −3.01 (−3.63--−2.39)              195
   No                               2.60±0.78                                 −1.92 (−2.07--−1.78)                                                                                              −2.93 (−3.51--−2.35)     0.69     1364
  **Heart failure**                                                                                                                                                                                                              
   Yes                              2.01±0.57                                 −2.35 (−3.04--−1.65)                                                                                              −3.11 (−3.85--−2.37)               65
   No                               2.59±0.77                                 −1.93 (−2.07--−1.78)                                                                                              −2.83 (−3.36--−2.29)     0.37     1494
  **BMI kg·m**^−2^                                                                                                                                                                                                               
   \<20                             2.28±0.79                                 −1.88 (−2.86--−0.89)                                                                                              −3.09 (−4.25--−1.92)     0.97      29
   20--24.99                        2.58±0.80                                 −2.03 (−2.26--−1.79)                                                                                              −3.11 (−3.67--−2.55)              491
   25--35                           2.58±0.77                                 −1.94 (−2.11--−1.77)                                                                                              −2.99 (−3.51--−2.47)     0.39     956
   \>35                             2.47±0.66                                 −1.54 (−2.12--−0.96)                                                                                              −2.68 (−3.35--−2.01)     0.14      83
  **Occupation**                                                                                                                                                                                                                 
   Low risk                         2.56±0.76                                 −1.93 (−2.07--−1.79)                                                                                              −2.86 (−3.40--−2.32)              1280
   Farming *etc*.                   2.34±0.74                                 −1.88 (−2.63--−1.12)                                                                                              −2.87 (−3.73--−1.99)     0.99      46
   Unqualified work                 2.09±0.69                                 −2.18 (−2.77--−1.58)                                                                                              −2.95 (−3.68--−2.22)     0.76      75
   Construction *etc*.              2.96±0.74                                 −1.90 (−2.31--−1.49)                                                                                              −3.20 (−3.86--−2.54)     0.12     158
  **Education**                                                                                                                                                                                                                  
   Low                              2.18±0.66                                 −2.48 (−3.23--−1.73)                                                                                              −3.51 (−4.38--−2.62)               46
   Intermediate                     2.51±0.77                                 −1.91 (−2.06--−1.75)                                                                                              −2.56 (−3.07--−2.04)    0.0144    1103
   High                             2.78±0.76                                 −1.99 (−2.24--−1.73)                                                                                              −2.85 (−3.43--−2.26)     0.10     410
  **All**                           2.57±0.78                                 −1.94 (−2.08--−1.82)                                     −2.39 (−2.61--−2.18)                                     2.97 (−3.53--−2.40)               1559

Data are presented as mean±[sd]{.smallcaps} or n, unless otherwise stated. Basic model is adjusted for the categorical variables age, sex and smoking status. The full model is additionally adjusted for the categorical variables hypertension, coronary heart disease (CHD), heart failure, diabetes type II, occupation, body mass index (BMI), education and the continuous variables C-reactive protein and alcohol consumption. Values used for least squares means (LSM) calculations were alcohol consumption 8.4 glasses per month and CRP 5.4 mg·L^−1^. Missing values for covariates resulted in the exclusion of 25 trajectories.

The risk (OR, 95% CI) of contributing with fewer than two spirometric measurements was significantly increased by markers of morbidity and frailty: active smoking habits relative to never-smokers (1.6, 1.4--1.9), being \>90 years old relative to being 60--70 years old (2.7, 2.0--3.7), longer time to walk 15 m (1.1, 1.1--1.1 per 1 s), FEV~1~ and FVC below LLN (5.4, 4.7--6.1 and 5.1, 4.4--5.8) and MMSE score \<24 (4.1, 3.4--4.9).

FEV~1~ and FVC change {#s3b}
---------------------

Absolute and relative FEV~1~ change are presented in [tables 3](#TB3){ref-type="table"} and [4](#TB4){ref-type="table"} and [supplementary tables S1 and S2](http://erj.ersjournals.com/lookup/doi/10.1183/13993003.01812-2017.figures-only#fig-data-supplementary-materials) describe FVC change. Adjusted absolute change per year was −56.2 (−73.6--−38.8) mL for FVC. Adjusted relative change per year was −2.46 (−3.07--−1.85)% for FVC. Presented effects exclusively come from the multivariate analyses, unless otherwise stated. The significant risk factors for increased relative FVC and FEV~1~ decline were female sex, all age groups (compared to the youngest), being a current smoker (but only compared to ex-smokers for FVC), elevated CRP (only close to significant for FEV~1~, p=0.057) and low educational level. For increased absolute decline the risk factors were male sex, being a current smoker (compared to ex-smokers) for FEV~1~ and low education *versus* intermediate or high education for FVC. BMI \>35 kg·m^−2^ compared to BMI 20--25 kg·m^−2^ for decreased absolute decline in FEV~1.~ One unit increase in CRP (mg·L^−1^) increased relative FEV~1~ and FVC decline by 0.02 percentage points per year (p=0.019 for FVC), but did not significantly increase absolute decline (−0.06 mL per year, p=0.74). Level of alcohol consumption did not increase relative or absolute FEV~1~ or FVC decline (results not shown). Adjusted and crude change per year for an ideal population stratified by risk factors are displayed in [tables 3, 4, S1 and S2](http://erj.ersjournals.com/lookup/doi/10.1183/13993003.01812-2017.figures-only#fig-data-supplementary-materials). The age effect on FEV~1~ and FVC change is illustrated in [figure 1](#F1){ref-type="fig"}.

![The a) relative and b) absolute change in forced expiratory volume in 1 s (FEV~1~) and c) relative and d) absolute change in forced vital capacity (FVC) for ages 60--102 years. Adjusted for the categorical variables sex, smoking habits, heart failure, hypertension, diabetes, coronary heart disease, socioeconomic status and occupation and the continuous variables alcohol consumption and C-reactive protein. Age was modelled as a continuous variable using restricted cubic splines.](ERJ-01812-2017.01){#F1}

Functional status {#s3c}
-----------------

Several markers of functional status correlated significantly to relative lung function decline, whereas absolute decline did not correlate to any marker (results not shown). When added to the full model both walking speed and TUG significantly influenced relative FEV~1~ change rates (p=0.0036 and p=0.0056). TUG (p=0.0090), but not walking speed (p=0.30) significantly affected relative FVC change rate. There was no significant effect of grip strength on either relative FEV~1~ (p=0.061) or FVC change (p=0.24). In addition, walking speed, grip strength and TUG were highly correlated to FEV~1~ and FVC GLI-2012 z-scores in the total population (p\<0.0005 for all) with the exception of the combination FVC GLI-2012 z-score and TUG (p=0.083).

Sensitivity analysis {#s3d}
--------------------

Pairs of spirometries were of two types. Either a bronchodilator was given only at the second measurement (type 1) or at both measurements (type 2). Type 1 corresponded to a lower adjusted overall rate of relative decline in FEV~1~ and FVC compared to type 2 (0.0019 per year and 0.005 per year, corresponding to a difference in relative decline per year of 0.19% and 0.5%, respectively). However, these differences were not statistically significant (p=0.38 for FEV~1~ and p=0.26 for FVC). In the absolute analysis, type 1 corresponded to a slightly higher rate of FEV~1~ decline (3 mL per year) and a lower rate of FVC decline (8 mL per year). Differences were not statistically significant (p=0.59 and 0.33, respectively). Effects of risk factors did not significantly differ between the two types for any outcome.

Discussion {#s4}
==========

Brief synopsis of key findings {#s4a}
------------------------------

In the relative analysis, we confirmed the hypothesis that age, female sex, current smoking habits, low educational level and elevated CRP increased FEV~1~ and FVC decline. None of these, except smoking, are widely accepted risk factors for rate of lung function decline. In the absolute analysis, current (compared to former) smoking was confirmed as a risk factor for increased FEV~1~ and low educational level for FVC decline, while BMI \>35 kg·m^−2^ significantly decreased decline for FEV~1~. For absolute decline, male sex rather than female sex increased the rate of decline.

Interpretation and comparison with previous studies {#s4b}
---------------------------------------------------

### Relative and absolute change {#s4b1}

Refer to the statistical appendix in the [supplementary material](http://erj.ersjournals.com/lookup/doi/10.1183/13993003.01812-2017.figures-only#fig-data-supplementary-materials) for more background on relative and absolute change. We found some support in our data for the relevance of relative change in a risk factors analysis. In a separate analysis presented in the [supplementary material](http://erj.ersjournals.com/lookup/doi/10.1183/13993003.01812-2017.figures-only#fig-data-supplementary-materials) we discovered that absolute but not relative change was significantly associated to initial volume, giving some credit to the theory that change is relative in nature. This will lead to bias if it is not accounted for \[[@C16]\]. To exemplify the importance of initial volume, for FEV~1~ change we would expect that current smokers with the same initial lung volumes lose a larger absolute volume per time unit compared to never-smokers. However, in this study the starting volume is lower for the never-smokers and the difference in absolute decline is expected to be reduced. This is what we find in this case, leading to a nonsignificant difference in decline between current smokers and never-smokers for absolute decline. For relative change we do not have this bias and as expected current smoking increases relative decline compared to both ex-smokers and never-smokers. To compare the clinical relevance of relative and absolute change we correlated them with markers of functional status. Relative change was significantly related to several clinically relevant functional markers, but absolute change was not, suggesting a weak correlation between absolute change and well established functional parameters. For more details on this analysis and on the models of change, refer to the statistical section in the [supplementary material](http://erj.ersjournals.com/lookup/doi/10.1183/13993003.01812-2017.figures-only#fig-data-supplementary-materials). We request more well designed studies on lung function change in the elderly with focus on the nature of change (shape of the decline) and its relationship to clinically relevant outcomes such as death.

### Age {#s4b2}

Previous studies that report lung function change values in general elderly populations differ methodologically and do not report findings for ages ≥90 years, but they can still be used for comparison \[[@C1], [@C4], [@C34]\]. One of these studies measured change relatively \[[@C1]\] and the other studies modelled absolute levels of lung function using linear mixed effects regression models and assessed change through suitable adjustment. Two of these studies reported weak or no age effect on rate of FEV~1~ decline or risk of being a "rapid decliner" in FEV~1~ \[[@C1], [@C4]\]. An increased decline in FEV~1~ with higher age was reported by [Vaz Fragoso]{.smallcaps} *et al.* \[[@C34]\] and in a Korean COPD population \[[@C35]\]. Theories on normal and pathological ageing of the lung include frequent/inadequate response to respiratory infections, oxidative stress and cumulative exposure to toxins leading to dysregulated inflammation \[[@C36]\]. Additionally, physiological changes with loss of elastic recoil, weakening of respiratory muscles and increased rigidity of the chest wall contribute \[[@C37]\].

### FEV~1~Q {#s4b3}

The cross-sectional reduction in FEV~1~Q was about one turnover per decade, which is the same as previous estimates for smokers aged \>60 years \[[@C32]\]. That the reduction by age of FEV~1~Q was not lower than an all-smoking population could possibly be explained by the high age of the population in the current study, or other differences between populations \[[@C32]\]. The ratio of absolute decline in FEV~1~ between females and males for this study was ∼0.8, which is similar to previous findings \[[@C32]\]. This is the exact ratio between the FEV~1~ values of males and females at the 1st percentile that the FEV~1~Q formula is based upon. One interpretation of this is that the longitudinal overall reductions in FEV~1~Q by age can be broadly applied to both sexes \[[@C32]\]. This may be useful since FEV~1~Q has been suggested as a staging tool for COPD, and forecasting future levels may be of clinical use \[[@C38]\].

### Sex {#s4b4}

A sex-specific causal relationship with lung function decline is yet to be established \[[@C3], [@C8], [@C39], [@C40]\]. Female sex was linked to increased decline of FEV~1~ in two out of the three relevant studies that reported sex-specific estimates. One of these studies measured change relatively while the other differed methodologically, making direct comparison difficult \[[@C1], [@C4]\]. It has previously been demonstrated that female COPD subjects had greater relative but not absolute decline in FEV~1~ \[[@C41]\]. The sex effect observed in this study on relative lung function decline is not likely to be explained by socioeconomic differences between sexes (including smoking habits) or a higher proportion of females in the oldest age groups, since these factors have been adjusted for. Furthermore, it is not likely to be due to systemic inflammation, since the sex effect remains after adjusting for CRP. One explanation for this finding is that females may be more sensitive to tobacco smoke, suggesting an interaction between sex and smoking habits \[[@C5], [@C10]\]. However, this interaction was nonsignificant when added to the full model for both FEV~1~ and FVC decline. Other previous theories on the female sex effect include sex hormones \[[@C39]\], dimensional differences \[[@C40]\] and sex-specific differences in the morphology of COPD \[[@C42]\].

### CRP {#s4b5}

Elevated CRP levels have been linked previously to increased FEV~1~ decline in elderly general populations \[[@C4]\]. There is ongoing research on potential biomarkers for COPD disease activity and the role of CRP in this context is still unclear \[[@C5], [@C13]\]. It has been suggested that the association between high CRP and poor lung function may be the result of an age-related inflammation nicknamed "inflammaging" \[[@C26]\]. However, a strong age effect remains in this study after adjusting for CRP and we did not find any significant interaction between CRP and age groups for either FEV~1~ or FVC decline. In other words, the effect of systemic inflammation on lung function decline seems to be constant across ages.

### Education and socioeconomic status {#s4b6}

Even after adjusting for smoking habits, sex, alcohol consumption, coronary heart disease and occupational exposure, subjects reporting a low level of attained education had a greater rate of yearly FEV~1~ and FVC decline (except absolute decline of FEV~1~). Effects of educational level on lung function have been described before, but longitudinal studies are rare and have often not been adjusted for possible confounders such as occupation and alcohol consumption \[[@C1], [@C4], [@C9]\]. However, the effects of education did not remain when using robust regression procedures, and should be interpreted with caution. Our data do not clearly tell whether the results are due to chance and a small number of participants with low educational level or true differences in patterns of changes of lung volumes. The low educational level group seems to represent a high level of heterogeneity of change of lung volumes, which may reflect that effects of a low socioeconomic status are complex and differ greatly between individuals. The effects of low education may enter early in life: low intrauterine growth, childhood respiratory tract infections and poor nutrition and housing have all been suggested \[[@C9]\]. Low education level (\<12 years/no degree) was close to significant compared to high education level (\>12 years/degree) in one of the studies \[[@C1]\] on general elderly populations previously mentioned, but not in the other study that tested for education level as a predictor \[[@C4]\]. These categories of education level are roughly, but not directly, comparable to this study\'s categorisation due to differences in educational systems.

### Comorbidities {#s4b7}

A BMI \>35 kg·m^−2^ decreased absolute FEV~1~ decline. Apart from this, we did not find that comorbidities or BMI significantly correlated to FEV~1~ or FVC decline. Previous studies have found associations between lung function and coronary heart disease \[[@C6]\], heart failure \[[@C24]\], the metabolic syndrome and high BMI \[[@C25], [@C27], [@C28]\]. That BMI \>35 kg·m^−2^ reduced absolute FEV~1~ decline may be due to change being relative in nature and obesity leading to reduced lung volumes, which in turn leads to smaller subsequent absolute decline values \[[@C25], [@C27], [@C28]\]. This supports the idea that relative change is preferable to absolute change in a risk factor analysis. Most of these previous studies have been cross-sectional in design where reversed causality may be a concern. There are no previous studies accounting for socioeconomics, occupation and CRP. This may have confounded the results.

Limitations {#s4e}
-----------

Longitudinal studies on very old participants are often subject to dropout due to morbidity or death of participants. We have addressed this by making house calls, conducting examinations in nursing homes and by examining those aged ≥80 years more frequently. Still, after adjusting for age and sex, lower functional status, having an FEV~1~ and FVC GLI-2012 z-score below the LLN and being a smoker was significantly associated with failure to complete more than two examinations with an acceptable spirogram. Functional status was correlated to FEV~1~ and FVC GLI-2012 z-scores and relative change rates. 39% of those who failed to complete any spirometry at all had a MMSE score \<24, which is likely to reflect the inability to perform a technically acceptable spirometry with a cognitive disorder \[[@C42]\]. To further reduce selection bias among the old and frail, we included a handful of subjects (1.9% of all spirometries, 5.1% of those aged ≥90 years) with only one acceptable manoeuvre. This is in contrast to younger subjects who should be able to perform multiple acceptable manoeuvres or when spirometry is used diagnostically in a clinical context \[[@C20], [@C23]\]. In spite of this we probably underestimate the true reduction in lung function by selection of the fittest. [Mannino]{.smallcaps} *et al.* \[[@C1]\] reported a dropout of 60% among those aged ≥86 years, which was very close to this study\'s percentage of participants with only one spirometry measurement (62%) in the same age group.

At baseline, cohort II participants were on average 7.5 years younger than cohort I. This is because for cohort I subjects were aged 60--95 years at recruitment and cohort II subjects were aged 60--81 years. That is, those who received a bronchodilator at baseline were somewhat younger than those who did not, possibly leading to an underestimation of the observed age effect. However, adjusted decline rates and effects of risk factors did not significantly differ between data pairs with bronchodilation at first measurement and those without. Otherwise, cohort I and cohort II were examined using the same equipment, the same staff and were both randomly selected from the same population with similar participation rates. Bronchodilators may cause adverse reactions among elderly, which could affect spirometry performance and participation \[[@C43]\]. Studies have shown that relative bronchodilator response may be greater with lower FVC or FEV~1~ values, which could introduce age-related differences in bronchodilator response \[[@C2]\].

Farmers and construction workers had elevated levels of FEV~1~ decline compared to low-risk occupations, but these effects did not reach statistical significance. It is likely that with more data the occupational categories could be further subcategorised to identify specific subgroups that would be more exposed to dust and fumes. We did not have access to self-reported exposure to dust and fumes, which would have been helpful in distinguishing the risk groups from the reference groups \[[@C44]\]. Moreover, this is a study of mostly retired subjects, thus only examining long-term effects of previous occupational exposures. Considering the large difference between current and former exposure to tobacco smoke found in this study, we should not conclude that our findings can be generalised to current occupational exposure.

NHANES III may offer a better choice for elderly subjects {#s4f}
---------------------------------------------------------

There is uncertainty regarding reference equations in very high ages and although GLI-2012 includes ages up to 95 years, it is noteworthy that extrapolated values from NHANES III have been shown to correlate better with survival and are possibly more accurate at high ages \[[@C45]\]. In this study, NHANES III z-scores were generally closer to zero compared with GLI-2012 z-scores. Moreover, among never-smokers we found the proportion of NHANES III z-scores \<2.5% LLN to be 2.1--2.3% for FEV~1~, FVC and FEV~1~/FVC, but GLI-2012 z-scores were roughly two to four times higher, depending on index. This supports previous findings that NHANES III z-scores may offer a better choice for elderly populations. Presented GLI-2012 z-scores for subjects aged \>95 years are likely to be slightly too low, since age was set to 95 years for these subjects due to a lack of reference equations.

Generalisability {#s4g}
----------------

This is a study on a randomly selected general population from cities and rural areas. There was no exclusion criterion other than not performing at least one acceptable spirometry. Additionally, the age spectrum with no upper age limit and ability to make house calls to those unable to visit the clinic due to frailty also contribute to the study\'s generalisability. However, age and morbidity associated dropouts may have led to bias by attrition; this is discussed further in the Limitations section. The baseline FEV~1~ GLI-2012 z-score for subjects with at least two spirometry measurements of −0.27 is comparable to the reported FEV~1~ z-score of −0.21 in another slightly younger general population, suggesting that they are similar in terms of normality of lung function \[[@C34]\].

Conclusion and possible contributions of this study {#s4h}
---------------------------------------------------

This is the first longitudinal study to specifically observe and analyse individual FEV~1~ and FVC change in ages \>90 years, thereby providing essential information on the natural history of lung function. Moreover, this study highlights the difference in outcome resulting from studying relative as opposed to absolute change. The rate of relative FEV~1~ and FVC decline increased with age, female sex, elevated CRP (only marginally significant for FEV~1~), current smoking habits and low educational level. The rate of absolute decline decreased with BMI \>35 kg·m^−2^ and increased with male sex and current smoking habits for FEV~1~ and low education for FVC. In conclusion, risk factors for increased lung function decline will very much depend on how we model change. For a potential risk factor having a strong influence on initial volume (such as female sex) it is crucial to choose an appropriate model as outcomes of different models may be diametrically opposite. We found some support for the relevance of relative change when studying risk factors of lung function decline. In addition, we found that NHANES III may offer better reference equations for elderly compared to GLI-2012. These findings should be replicated and further investigated.
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